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In nonmyeloid cells, Shigella hijacks the mitochondrial checkpoint of cell death, thereby inducing a regulated
form of necrosis depending on Bnip3 and cyclophilin D. Carneiro et al. (2009) describe the interplay between
this program and a prosurvival response transmitted via the Nod1/Rip2/NF-kB/Bcl-2 axis, which determines
the fate of infected cells.Cell Host & Microbedistinct subroutines. During apoptosis,
dying cells exhibit shrinkage, chromatin
condensation, nuclear fragmentation, and
finally disintegrate into apoptotic bodies,
while retaining the integrity of the plasma
membrane until the final stages of the
process. Conversely, necrosis is charac-
terized by early plasma membrane per-
meabilization, organelle and cytoplasm
swelling (oncosis), and a rather disorga-
nized dismantling of the intracellular
content. Although necrosis is often
viewed as a merely accidental cell
death modality, accumulating evidence
suggests that it can also be executed
through regulated pathways. A particular
case of programmed necrosis, necropto-
sis, relies on the obligatory activation of
the receptor-interacting serine-threonine
kinase Rip1 (Hitomi et al., 2008). More-
over, CypD-deficient cells are particularly
resistant to pronecrotic stimuli, yet remain
fully susceptible to some proapoptotic
triggers (Baines et al., 2005). Hence,
distinct mechanisms of MMP might be
differentially associated with apoptosis
and necrosis. In particular, the sudden
functional collapse of mitochondria that
occurs during MPT has been linked to
necrosis, while apoptosis has been asso-
ciated with Bax-/Bak-dependent MOMP
(Kroemer et al., 2007).
Shigella-infected macrophages are
known to undergo a particular type of
cell death called pyroptosis (Suzuki
et al., 2007), which exhibits a mixed
apoptotic-necrotic morphology and is
associated with the caspase 1-depen-
dent release of the proinflammatory inter-
leukins (IL) IL-1b and IL-18 (Kroemer et al.,chondrial intermembrane space (IMS).
Such factors include soluble components
of the respiratory chain like cytochrome c,
whose depletion from the IMS leads to the
dissipation of the mitochondrial trans-
membrane potential (DJm) and eventually
to the functional collapse of mitochondria.
As an alternative, MMP can be ignited at
the mitochondrial inner membrane (IM),
upon the opening of a multiprotein pore
that is assembled at the juxtapositions
between the IM and the OM. This supra-
molecular complex is known as perme-
ability transition pore complex (PTPC).
Although the precise molecular composi-
tion of the PTPC remains an open conun-
drum, some consensus has emerged on
its scaffold structure, which is made up
by the voltage-dependent anion channel
(VDAC), the adenine nucleotide translo-
case (ANT), and cyclophilin D (CypD).
The PTPC opens in response to several
intracellular stimuli, including increased
cytosolic Ca2+ concentrations and oxida-
tive stress, leading to immediate DJm
loss and mitochondrial failure. The
osmotic imbalance that follows PTPC
opening culminates in matrix swelling,
OM rupture, and general liberation of
IMS proteins into the cytosol. This
process is commonly known as mito-
chondrial permeability transition (MPT).
Of note, considerable crosstalk exists
between MOMP and MPT, as indicated
by the fact that both pro- and antiapop-
totic Bcl-2 family members can interact
with and hence modulate the PTPC
(Kroemer et al., 2007).
The final steps of cell death can fol-
low morphologically and biochemicallyMitochondrial membrane permeabiliza-
tion (MMP) is considered as a common
critical step in the cascade of events
leading to cell death, irrespective of the
subsequent mechanisms employed (see
below). Deregulated MMP contributes to
the pathophysiology of a large number
of human diseases, including cancer,
ischemia, neurodegeneration, and infec-
tion (Kroemer et al., 2007). Viruses and
other intracellular pathogens have devel-
oped multiple strategies to subvert the
cell death machinery of the host (including
MMP-regulatory mechanisms), with the
purpose of (1) avoiding the premature
death of infected cells, to facilitate intra-
cellular replication; (2) killing infected cells
at a late stage of the microbial life cycle, to
favor pathogen dissemination; or (3) de-
stroying uninfected cells of the immune
system, to subvert antimicrobial control
(Galluzzi et al., 2008). In this issue, Car-
neiro et al. (2009) elucidate the signaling
pathways triggered by Shigella in non-
myeloid cells, thus providing yet another
example of pathogen-driven MMP-
dependent cell death.
MMP may involve the activation of
either of two distinct yet partially overlap-
ping molecular mechanisms. MMP can
originate at the mitochondrial outer
membrane (OM), due to the pore-forming
activity of proapoptotic proteins of the
Bcl-2 family such as Bax and Bak,
which can oligomerize into protein-
permeable channels. In this case, mito-
chondrial outer membrane permeabiliza-
tion (MOMP) is followed by the specific
release into the cytosol of toxic proteins
that are normally secured within the mito-5, February 19, 2009 ª2009 Elsevier Inc. 107
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contrary, Shigella kills nonmye-
loid cells via a caspase-inde-
pendent yet regulated form of
necrosis, as demonstrated in
this issue (Carneiro et al., 2009)
(Figure 1B). The lethal signaling
pathway induced by Shigella
depends on the BH3-only
protein Bnip3, as well as on
CypD. Both these two proteins
havepreviously been implicated
in necrotic cell death triggered
by oxidative stress (Baines
et al., 2005; Vande Velde et al.,
2000). In Shigella-infected cells,
however, the overgeneration of
reactive oxygen species (ROS)
occurs well after DJm dissipa-
tion, meaning that it is a conse-
quence rather than a cause of
MPT (Carneiro et al., 2009).
Thus, the upstream signals that
connect Shigella infection to
MPT remain elusive. One partic-
ularly interesting possibility
would be that Rip1, the kinase
that specifically propagates
necroptosis, is activated by
Shigella.
As reported in this issue,
epithelial cells react to Shigella
invasion with a pronounced
prosurvival response driven
by the Nod-like receptor
(NLR) family member Nod1
(Carneiro et al., 2009). Several
NLR proteins can sustain the
formation of the so-called
‘‘inflammasomes,’’ the molec-
ular platforms responsible
for caspase-1 activation
during macrophage pyroptosis
(Kroemer et al., 2009). On the
contrary, upon bacterial infec-
tion of nonmyeloid cells, Nod1
signals to the serine-threonine
kinase Rip2, which in turn
allows for the IkB kinase
b (IKKb)-dependent activation
of NF-kB (Carneiro et al.,
2009) (Figure 1B). The antiapoptotic
and proinflammatory transcription factor
NF-kB then transactivates Bcl-2, which
inhibits MMP and cell death (Perkins,
2007). Although Rip2 belongs to the
same protein family than Rip1 (which is
necessary for the programmed execution
of necroptosis) (Hitomi et al., 2008), these
kinases share limited homology and
interact with distinct molecular partners.
It is therefore not surprising that Rip1
and Rip2 mediate opposed (prodeath
and prosurvival, respectively) signaling
pathways. As compared to wild-type
mouse embryonic fibroblasts (MEFs),
Shigella-infected nod1/MEFs exhibited
a dramatic decrease in Bcl-2
protein levels. These ob-
servations led Carneiro and
colleagues to conclude that
the Bnip3/Bcl-2 ratio plays
a critical role in determining
the fate of nonmyeloid cells in-
fected by Shigella (Carneiro
et al., 2009), in line with the
widely accepted model of mito-
chondrial cell death control
known as the ‘‘Bcl-2 rheostat’’
(Kroemer et al., 2007).
According to this model,
MMP (and hence cell death)
occurs when proapoptotic
members of the Bcl-2 family
(such as Bnip3) outcompete
the antiapoptotic action of Bcl-
2-like proteins on mitochondrial
membranes (Figure 1B). In
Shigella-infected nonmyeloid
cells, Bnip3- and CypD-depen-
dent MMP represents the deci-
sion step of a necrotic cell
death program that is delayed
due to the concomitant activa-
tion of a Nod1-mediated pro-
survival pathway. During the
early phases of infection, Nod1
is also responsible for the
production of IL-8 by epithelial
cells, which drives a local
inflammatory response limiting
the infection at the intestinal
level (Carneiro et al., 2009).
Conversely, Shigella rapidly
kills macrophages by triggering
pyroptosis, which is mediated
by other members of the NLR
protein family (e.g., NLRC3,
NRLP4) and involves the
secretion of other proinflamma-
tory cytokines (i.e., IL-1b and
IL-18). Thus, NLR proteins
may stimulate the local release
of proinflammatory mediators
either by delaying the death of
nonmyeloid cells or by favoring
pyroptosis in macrophages
(Figure 1).
Shigella induces the necrotic demise of
nonmyeloid cells. It has been commonly
assumed that necrosis would constitute
an immunogenic cell death modality,
while apoptosis would always be nonim-
munogenic. However, the categorization
of cell death into distinct morphotypes
(as defined by the morphological
Figure 1. Effects of Shigella on the Cell Death Machineries of
Distinct Cell Types
(A) In macrophages, Shigella infection causes a particular cell death
pathway, pyroptosis, that involves the inflammasome-dependent produc-
tion of inflammatory cytokines (such as the interleukins IL-1b and IL-18)
and is characterized by a mixed apoptotic/necrotic morphology.
(B) In epithelial cells, Shigella invasion activates two competing signaling
cascades, namely a pronecrotic program in which Bnip3 triggers the mito-
chondrial permeability transition (MPT) and a cytoprotective/proinflamma-
tory pathway transmitted along the Nod1/Rip2/IKKb/NF-kB axis. In this
context, NF-kB allows for the transactivation of the proinflammatory inter-
leukin IL-8 as well as of Bcl-2, an inhibitor of mitochondrial membrane
permeabilization (MMP). Elements of the MPT-mediating permeability
transition pore complex (PTPC) such as the voltage-dependent anion
channel (VDAC), the adenine nucleotide translocase (ANT), and cyclophilin
D (CypD) are also shown. IKKb, IkB kinase b; Rip2, receptor-interacting
serine-threonine kinase 2.108 Cell Host & Microbe 5, February 19, 2009 ª2009 Elsevier Inc.
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Peptidoglycan-recognition proteins (PGRPs) play a central role in the
bacteria. In this issue of Cell Host & Microbe, Saha et al. (2009) r
PGLYRP-2, functions as a cytokine-like molecule in a PG-induced arthri
Peptidoglycan (PG) is a major component
of the bacterial cell wall. Hence, it is an
excellent marker of bacterial origin, in
particular due to its unique composition
of L and D amino acids. Eukaryotes,
from the simplest unicellular yeast to
higher eukaryotes like humans, have
evolved to use PG to detect the presence
of bacteria and mount an appropriate
response. In the 1970s and 1980s, several
different research groups identified a wide
variety of biological effects of PG ranging
from induction of Gram-positive septic
shock to the induction of slow-wave sleep
(Boneca, 2005). PG degradation products
rather than the insoluble macromolecule
itself mediate these activities, suggesting
that eukaryotes have evolved to detect
actively replicating bacteria (since bac-
teria degrade and recycle their pepti-
doglycan as they replicate).
The large spectrum of biological activi-
ties mediated by PG fragments raise an
important question: How are these PG
fragments detected by the host? Are
there different receptors mediating each
effect? Are there local tissue specificities
in terms of receptors? Are there local
differences in bioavailability of distinct
PG fragments?
The first proposed receptor of PG was
CD14. However, CD14 seemed to func-
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Second, they extend our knowledge on
how the interplay between NLR proteins
and cell death programs can affect the
innate immune response.
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convey information on immunogenicity
(Kroemer et al., 2009). As an example,
necrotic cancer cells are far less immuno-
genic than some types of apoptotic tumor
cells, which potently stimulate the
immune system due to a specific constel-
lation of danger-associated molecular
signals that are exposed by and secreted
from dying cells (Panaretakis et al.,
2009). Hence, it may be speculated—yet
remains to be proven—that the induction
of necrosis (as opposed to potentially
immunogenic apoptosis) might constitute
a particular strategy of Shigella to sabo-
tage the immune system.
In summary, the work published in this
issue by Carneiro and colleagues (Car-
neiro et al., 2009) is of dual merit. First,
Carneiro et al. demonstrate that nonmye-
loid cells infected by Shigella die through
a regulated form of necrotic cell death,
lending further support to the notion thatteur Roux, Paris 75015, France
insect innate immune response to
eport that the mammalian PGRP,
tis model.
tion as a coreceptor and was not essen-
tial in mediating the biological activity of
PG. Subsequent studies in insects and
in particular on Drosophila indicated that
activation of the innate immune response
was mediated exclusively by sensing of
PG. This activation involved two distinct
pathways: the TOLL pathway allowing
detection of Gram-positive bacteria
and the IMD pathway for Gram-negative
bacteria. Activation of both pathways
occurred by sensing of PG by PG-recog-
nition proteins (PGRPs). Insect PGRPs
have since been shown to mediate
several responses to PG, such as induc-
tion of antimicrobial peptide production,
, February 19, 2009 ª2009 Elsevier Inc. 109
